dominantly the M 2 and M 3 subtypes of muscarinic receptor with a preponderance of the former subtype (M 2 :M 3 = 3:1 to 5:1) (4, 5) . The M 2 and M 3 subtypes mediate biochemical and electrical responses to ACh and other muscarinic agonists via coupling to G i/o -and G q/11 -type G-proteins, respectively (4, 5) . Contraction as a response to neuronally-released ACh and applied muscarinic agonists has long been regarded as M 3 subtype-mediated, with a role for the M 2 subtype in the contraction being less clear (5) . However, recent use of mutant mice deficient in certain subtype(s) of muscarinic receptor has revealed that the M 2 subtype also participates in mediating the contractile response to cholinergic nerve stimulation as well as applied muscarinic agonists (6 -13) . The involvement of both M 2 and M 3 receptors in the cholinergic contraction may allow these receptors to participate in cholinergic neuromuscular transmission by mediating the ACh's action to induce EJPs, yet this possibility has to be evaluated vigorously.
Muscarinic receptor stimulation is known to activate inward cation channel currents in intestinal myocytes isolated from a variety of species including mouse (14) and guinea pig (15) . We have previously shown using M 2 or M 3 subtype-deficient mice that ileal myocytes are endowed with three distinct muscarinic pathways mediating cation channel activation; two of those involve either M 2 or M 3 receptors and the third one requires the presence of both receptor subtypes (M 2 /M 3 pathway) (16) . Among these pathways, the M 2 /M 3 pathway is playing a major role in inducing whole-cell cation channel currents. Furthermore, muscarinic receptor stimulation is also known to activate an inward Ca 2+ -activated chloride channel current resulting from release of stored Ca 2+ in mouse ileal myocytes (14) . Thus, muscarinic receptor activation produces inward cation and chloride channel currents that cause depolarization, and these ion channels are supposed to mediate the cholinergic EJP (17) . However, this issue remains to be elucidated in detail.
Therefore, the present study was undertaken to characterize cholinergic EJPs in mouse ileal longitudinal muscle using M 2 -KO or M 3 -KO mice and the pharmacological tools SK&F 96365 and PTX, which are well documented to block muscarinic receptor-operated cation channels (18) and disrupt M 2 -mediated signaling pathways linked to the cation channel activation (19) , respectively. Our results suggest that both M 2 and M 3 receptors are implicated in cholinergic neuromuscular transmission via synergistic activation of cation channels to induce EJPs in the murine ileal longitudinal muscle.
Materials and Methods

Animals
All experiments were performed in accordance with the Animal Ethics Committee at the Faculty of Applied Biological Sciences, Gifu University. Animals used were M 2 or M 3 muscarinic receptor single-KO and M 2 /M 3 double-KO mice and their corresponding wild-type strains. The generation of the mutant animals and their genetic background has been described elsewhere (20 -22) . These animals were housed under the same conditions as used previously (12) . The different wild-type strains were used without distinction for experiments, since they showed similar mechanical and electrical responses of the intestinal smooth muscle (11, 12, 16) .
Preparations and membrane potential recording
Mice of either sex, aged 4 -10 months and weighing 25 -40 g, were killed by cervical dislocation. A gut segment of 1-cm length was dissected from the ileal region at a distance greater than 2 cm from the ileocaecal junction, and the intestinal content was flushed away by injection of a solution and adhering tissues were cut off. The gut segment was then opened along the line of the mesenteric attachment, and the mucosal layers were pulled gently away with a fine forceps. The muscle sheet was folded in half at a right angle to the longitudinal axis and pinned out flat on the silicone-coated floor of a 2-ml organ chamber with the serosal surface facing upwards. For electrical stimulation of the intramural nerves, one of a pair of platinum electrodes was placed on the serosal surface and the other placed between the folded tissues. Afterwards, the organ chamber was perfused at 4 ml/min with Krebs solution (120 mM NaCl, 5.0 mM KCl, 25 mM NaHCO 3 , 0.1 mM NaH 2 PO 4 , 2.5 mM CaCl 2 , 2.0 mM MgCl 2 , 11.0 mM glucose) preheated to 30°C −32°C and bubbled with a 95% O 2 and 5% CO 2 gas in its reservoir. The preparations were equilibrated with the solution for 30 -60 min before the beginning of experiments.
Longitudinal muscle cells were impaled with glass microelectrodes filled with 3 M KCl (tip resistance: 100 -120 MΩ) and trans-membrane potentials measured via a microelectrode amplifier (MEZ-8301; Nihon Kohden, Tokyo), as described previously (23) . A successful impalement was confirmed when a sharp change in the voltage to a membrane potential negative to about −40 to −60 mV remained stable for a few minutes. Electrical stimuli (0.5-ms duration and 30-V strength for each pulse) were generated with an electrical stimulator (SEN-3301, Nihon Kohden) and delivered to the paired electrodes via a stimulus isolation unit (SS-403J, Nihon Kohden). Membrane potential recordings were made in the continuous presence of the voltage-dependent Ca 2+ -channel blocker nifedipine (10 μM), the smooth muscle relaxant papaverine (30 μM) , the adrenergic neuron blocker guanethidine (1 μM), and the nitric oxide synthase inhibitor L-NAME (300 μM). The former two served to inhibit discharge of action potentials and muscle contraction, and the latter two served to prevent adrenergic and nitrergic inhibitory neurotransmission (24) , respectively.
Drugs
The following drugs were used: ) was injected into wild-type mice and 72 h later, the muscle preparations were prepared from ileal segments as described earlier (7) . As controls, 0.9% NaCl solution was injected into another set of wild-type mice (same volume). The other drugs were applied to muscle preparations by changing the inflow line from the control solution to one containing the appropriate concentration of drug.
Data analyses
The values in the text are given as means ± S.E.M. with the number of measurements (n). Statistical significance between two groups was tested using Student's paired or unpaired t-test. Differences were considered significant when P < 0.05.
Results
Cholinergic EJPs in wild-type mouse ileum
In longitudinal muscle cells of wild-type mouse ileum, changes in membrane potential were intracellularly measured in the continuous presence of L-NAME (300 μM), guanethidine (1 μM), nifedipine (10 μM), and papaverine (30 μM) (see Materials and Methods). Under these conditions, the muscle cells were electrically quiescent, and no spontaneous electrical activity was observed, probably because of nifedipine block of voltage-gated Ca 2+ channels (25) . The resting membrane potential varied from −42 to −65 mV among different muscle cells impaled, giving a mean value of −47.7 ± 0.7 mV (n = 69).
When electrical field stimulation (EFS) was applied with single pulses (0.5 ms in duration and 30 V in strength) or a train of 5 pulses at 20 Hz, a monophasic EJP, was elicited as exemplified in Fig. 1 (see control) . In general, the EJPs began to arise 0.4 -0.8 s after the beginning of EFS and reached a peak after 0.5 -1 s and then gradually subsided to disappear in some 1 -2 s. The peak amplitude of EJPs varied from 1 to 10 mV with single stimuli and from 3 to 20 mV with 5-pluse-train stimuli, among different cells. Similar electrical responses to EFS have been observed previously in guinea-pig ileal longitudinal muscle (25) .
The EJPs evoked by EFS were completely abolished after treatment with the Na + -channel blocker TTX (1 μM) that blocks nerve firing (data not shown). Treatment with eserine (30 nM) to prevent cholinesterase hydrolysis of ACh resulted in significant increase of the amplitude and duration of EJPs ( Fig. 1: D and E). When a relatively large EJP was elicited in the presence of eserine, this often caused dislocation of the microelectrode from impaled cells during its generation (see the arrow in Fig. 1C ). The eserine treatment slightly but significantly depolarized the resting potential by approximately 4 mV on average probably due to the action of endogenous ACh released spontaneously (26) . Addition of the muscarinic receptor antagonist atropine (1 μM) in the presence of eserine reversed the eserineinduced depolarization, but also entirely arrested the EFS-evoked EJPs ( Fig. 1: A and B) . On rare occasions, a brief, monophasic inhibitory junction potential (IJP), with a peak amplitude of 1 -3 mV, was uncovered, especially with 5-pulse-train stimuli (see Fig. 1B) .
From the results with TTX, eserine, and atropine, the EJPs in wild-type preparations appeared to be mediated by cholinergic nerves. The cholinergic EJPs were next characterized using SK&F 96365 and PTX. These agents have been shown to block muscarinic receptor-operated cation channels (18) and disrupt an M 2 receptor-mediated signaling pathway linked to cation channel activation, respectively, in intestinal smooth muscle (19) . Treatment with SK&F 96365 (10 μM), leaving the resting potential unchanged, profoundly depressed the EJPs in a reversible manner ( Fig. 2A) . Amplitude of EJPs with the 5-pulsetrain in the presence of SK&F 96365 was only about 10% of the control (Fig. 2C) , and the total duration of EJP was significantly brief compared with that for the control EJPs (Fig. 2D) .
PTX injection into wild-type mice (100 μg/Kg, i.p.) resulted in a remarkable depression of EJPs (Fig. 2B) . In the PTX-treated mice, the EJPs were considerably smaller than the corresponding control obtained in 0.9% NaCl-injected mice (Fig. 2E) . The total duration of EJP was also significantly brief compared with the control EJPs (Fig. 2F) . PTX treatment caused no significant change in the resting potential, for which the mean values were −48.2 ± 0.8 mV (n = 21) and −44.1 ± 0.8 mV (n = 16) in PTX-treated and control preparations, respectively.
The results with SK&F 96365 and PTX provided evidence for the concept that the wild-type cholinergic EJPs occur mainly due to cation channel opening, which is brought about via an M 2 -mediated signaling mechanism.
Cholinergic EJPs in muscarinic receptor subtype-deficient mice
In muscle preparations from the ileum of M 2 -KO, M 3 -KO, and M 2 /M 3 double-KO mice, transmembrane potentials of longitudinal muscle cells were measured under the same experimental conditions as used in the wild-type preparations. Muscle cells from any of the mutant mouse strains were electrically quiescent, and the resting potential was similar among the three mutant strains, averaging −46.7 ± 1.1 mV (n = 44), −47.4 ± 0.7 mV (n = 59), and −47.2 ± 1.5 mV (n = 16) for M 2 -KO, M 3 -KO, and M 2 /M 3 double-KO mice, respectively, and these mean values were also similar to the wild-type value (−47.7 ± 0.7 mV, see above).
In the muscle preparations from M 2 -KO mice, EFS with single stimuli usually failed to evoke an EJP (Fig. 3A) . Only on rare occasions, clearly-detectable EJPs of approximately 1 mV were elicited. With 5-pulsetrain stimuli, detectable EJPs were evoked more often (in 70% of cells studied) (Fig. 3: B and D) . Treatment with eserine (30 nM), which left the resting potential unchanged, increased the amplitude and duration of EJPs as well as the relative number of cells exhibiting EJPs (Fig. 3: D and E) . The EJPs evoked with single and 5-pulse-train stimuli in the presence of eserine were totally abolished by additional treatment with atropine (1 μM) (Fig. 3: A and B) , indicative of the involvement of cholinergic nerves.
The cholinergic EJPs in M 2 -KO preparations were then subjected to the muscarinic cation-channel blocker SK&F 96365 in the presence of 30 nM eserine. As shown in Fig. 3C , SK&F 96365 (10 μM) caused a remarkable depression of the EJPs with 5-pulse-train stimuli. The peak amplitude in the presence of SK&F 96365 was significantly smaller than the control (Fig. 3F ). The residual EJPs had a brief total duration compared with the control EJPs (Fig. 3G) . The results suggested that the cholinergic EJPs in M 2 -KO mice depended largely on cation channel opening, but also in part on opening of non-cation channels.
We noted that EFS evoked IJPs in the M 2 -KO preparations relatively often compared with the wild-type preparations (see asterisks in Fig. 3B ). The IJPs evoked with 5-pulse-train stimuli had a peak amplitude of 1 -3 mV and a total duration of 0.5 -0.8 s. When both IJP and EJP were evoked together in the same cell, this resulted in a biphasic response consisting of an initial IJP followed by an EJP (Fig. 3B) . The IJPs were abolished by TTX (data not shown) and remained unaffected after eserine or atropine treatment. The IJPs were not further characterized in the present study.
In the M 3 -KO preparations, no appreciable EJP was evoked by EFS with a train of 5 -20 pulses at 20 Hz and/or in the presence of 30 -100 nM eserine (Fig. 4A) . Occasionally, IJPs were elicited (Fig. 4B) , whose amplitude and form closely resembled those of the IJPs in the M 2 -KO preparations. The IJPs remained unchanged after atropine treatment, which implied that no cholinergic EJP was masked by the IJPs. In the M 2 /M 3 double-KO preparations, neither EJPs nor IJPs were evoked by EFS even with a train of 20 pulses at 20 Hz and/or in the presence of 30 -100 nM eserine (Fig. 4C) . 
Comparison of cholinergic EJPs in the wild-type and mutant mice
Using data pooled in the course of the present study, the peak amplitudes of cholinergic EJPs observed in ileal muscle preparations from wild-type, M 2 -KO, M 3 -KO, and M 2 /M 3 double-KO mice were summarized (Fig. 5) . In the latter two mutant strains, the EJP amplitudes with single or 5-pulse-train stimuli were zero, regardless of eserine treatment. In M 2 -KO mice, the EJP with single stimuli was absent without eserine treatment, but detected in the presence of 30 nM eserine. The amplitude of EJP in the presence of eserine was considerably smaller than the corresponding wild-type. With 5-pulsetrain stimuli, the amplitude of EJP amounted to approximately 30% that of the respective corresponding wildtype.
The results suggest that the cholinergic EJPs in intact preparations expressing M 2 and M 3 receptors are not a simple mixture of M 2 and M 3 responses but arise through a synergistic interaction between the two receptors.
Discussion
In the present study, we initially found that EFSevoked EJPs in wild-type mouse ileal longitudinal muscle involved cholinergic nerves, using the neuronal Na + channel blocker TTX, the muscarinic receptor antagonist atropine, and the ACh esterase inhibitor eserine as tools. The cholinergic EJPs in wild-type mice were markedly depressed by SK&F 96365 (Fig. 2A) , a compound known to block muscarinic receptor-operated cation channels in mouse and guinea-pig ileal myocytes (18, 27) . Hence, it appears that the wild-type cholinergic EJPs occur mainly due to opening of the cation channels by ACh released neuronally. This concept is consistent with their remarkable suppression by PTX (Fig. 2B) , since this toxin is well documented to strongly inhibit muscarinic cation currents (mIcat) evoked by carbachol in ileal myocytes (14, 16) .
In the present experiments with the muscarinic receptor-mutant mice, the cholinergic EJPs in wild-type mice were markedly depressed (by 70% -80%) by the lack of M 2 receptors and eliminated in the absence of M 3 or of both M 2 and M 3 receptors. It is unlikely that the smaller size of cholinergic EJP in different KO preparations is caused by decreases in the amount of ACh released from the enteric nerves because the amount of released ACh in response to electrical stimulation does not significantly differ among M 2 -KO, M 3 -KO, and wild-type ileal preparations (28) . Thus, the data indicate that the wild-type cholinergic EJP is not a simple mixture of M 2 and M 3 responses but may rather arise through a synergy between M 2 and M 3 receptors. A considerable body of evidence has suggested that a muscarinic pathway initiated by co-stimulation of both M 2 and M 3 receptors plays a major role in mIcat generation in murine ileal myocytes (16) . The M 2 /M 3 pathway, when activated, leads to a long-lasting opening of a type of cation channels with a 70-pS unitary conductance via such a unique signaling that M 2 -G o and M 3 -PLC systems provide concurrent but different signals for the channel opening and serves as the major mediator of mIcat and most potently depolarizes the membrane (16) . Therefore, it is highly probable that the M 2 /M 3 pathway is largely responsible for generating the cholinergic EJPs in wildtype mice. This is supported by the present observation that the wild-type cholinergic EJPs were strongly inhibited by PTX as well; this toxin inactivates the M 2 /M 3 pathway by disrupting M 2 -G o coupling and interfering with mIcat generation (14, 16) . The underlying mechanism proposed for the murine cholinergic EJPs may be shared by cholinergic EJPs in guinea-pig ileal longitudinal muscle (25) , since this ileal myocyte also has an M 2 /M 3 pathway linked to cation channel opening that is similar to that in the murine ileal myocyte (29) .
SK&F 96365 has been known to block some types of cation channels including canonical transient receptor potential (TRPC) channels in heterologously expressed cell culture systems (30) . Zholos and co-workers have reported that SK&F 96365 at concentration range of 10 μM or over effectively inhibited mIcat (18) , and more recently, they have indicated that the muscarinic agonist carbachol induced only slight mIcat in ileal myocytes isolated from TRPC4-KO mice (31) . They have also indicated that the amplitude of EFS-evoked cholinergic contractions in the ileal segments were significantly smaller in TRPC4-KO mice than wild-type mice. These results together with the present results suggest that cation currents through TRPC4 channels activated by muscarinic receptor stimulation are responsible for the M 2 /M 3 pathway that we have previously identified and mainly contribute to the generation of cholinergic EJPs and contractions in mouse ileum.
The cholinergic EJPs observed in M 2 -KO mice, whose amplitude amounted to 20% -30% of the wild-type EJP, are undoubtedly mediated by M 3 receptors alone, since M 2 /M 3 double-KO mice exhibited no cholinergic EJP. The M 3 -mediated EJPs in M 2 -KO mice were strongly inhibited by SK&F 96365 (Fig. 3C) , suggesting that they depend largely on opening of cation channels. Consistent with this, it has been shown that stimulation of M 3 receptors alone causes brief and frequent openings of two sorts of cation channel (70-pS and 120-pS channels) via different mechanisms involved in the G q/11 /PLCβ/ phosphoinositide hydrolysis pathway (16, 32) . The opening of 120 pS channels are mediated through diacylglycerol (32) and their molecular component is suggested to be TRPC6 (31) .
In the presence of SK&F 96365, brief and small cholinergic EJPs were still seen in M 2 -KO and wild-type mice (see Figs. 2A and 3C ). These EJPs are possibly caused by the opening of Ca 2+ -activated chloride channels, since murine ileal myocytes responded to carbachol by an inward chloride current associated with intracellular Ca 2+ release, in addition to mIcat (14) . The intracellular Ca 2+ release, probably brought about via M 3 -stimulated phosphoinositide hydrolysis, concomitantly causes opening of Ca 2+ -activated K + channels (14, 33) . The K + channel opening results in the generation of an outward current, counteracting the chloride channeldependent inward current, which may account in part for the considerably small amplitude and brief duration of the residual EJPs in the presence of SK&F 96365. Other ion channel mechanisms might be also involved in the generation of SK&F 96365-resitant EJP. It has been reported that muscarinic stimulation inhibits ATPsensitive K channels through protein kinase C (34), which is activated via M 3 -stimulated phosphoinositide hydrolysis, being expected to produce membrane depolarization.
In stomach and ileum preparations from M 3 -KO mice, EFS causes a prominent cholinergic contraction mediated by M 2 receptors (10, 13). The amplitudes of EFS-induced cholinergic contractions in M 3 -KO ileal preparations were significantly smaller than those in wild-type preparations but comparable with those in M 2 -KO preparations (M 3 -mediated contractions). In the present study, however, EFS evoked no cholinergic EJP in M 3 -KO preparations (Fig. 4) , probably due to the poor activity of the M 2 receptor in inducing depolarization. In fact, a previous study showed that M 3 -KO single ileal myocytes exhibited a 10-mV or less depolarization when exposed to 100 μM carbachol which could occupy most of the M 2 receptors expressed (16) . The poor depolarizing activity of the M 2 receptor might be even weaker under the present experimental conditions where papaverine, nifedipine, L-NAME, and guanethidine were continuously present in the bathing solution, so cholinergic EJP might have failed to be detected in M 3 -KO preparations. Under more physiological conditions, however, M 2 receptor stimulation may be capable of activating cation channels and depolarizing the membrane in mouse ileal myocytes (16) , so it is likely that even weak depolarization elicited by M 2 receptor stimulation efficiently accelerates action potential discharges and Ca 2+ influx and thereby produces prominent contractions.
In conclusion, our data support the concept that both M 2 and M 3 receptors participate in generation of cholinergic nerve-mediated EJPs through synergistic activation of cation channels in mouse ileum longitudinal muscle. The cholinergic EJPs may also have a minor contribution from an M 3 -initiated pathway that leads to activation of both cation channels and non-cation ones such as Ca 2+ -activated chloride channels. Recently, interstitial cells of Cajal (ICCs) have been shown to participate in cholinergic neuromuscular transmission in gastrointestinal smooth muscles (35 -37) . Whether ICCs are involved in the cholinergic EJPs characterized in the present study remains unknown at present. Further studies are needed to address the issue. It will be of particular interest to compare muscarinic signal transduction mechanisms involving specific receptor subtypes, second messengers, and ion channels between ICCs and smooth muscle cells.
